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Introduction
Extreme environments (above 2000°C, oxidizing atmosphere)
Ultra-High Temperature Ceramics - ZrB2 (melting point = 3245°C)

leading edges on a space shuttle exposed to
heat shock (~2000°C) during re-entry to Earth

hexagonal structure of ZrB2
D. Ghosh, G. Subhash
Handbook of Advanced Ceramics
Academic Press (2013) 267-299

Introduction
Extreme environments

Improved macro-mechanical properties

UHTC - ZrB2

Designed polycrystalline structure

textured ZrB2 by strong magnetic field
Wu et al.
Int. J. Appl. Ceram. Technol.
11 (2014) 218-27

Introduction
Extreme environments

Improved macro-mechanical properties

UHTC - ZrB2

Designed polycrystalline structure

Deformation of grains
Strength and deformability

Effect of
1) crystal anisotropy
2) temperature
3) dislocations

What are the deformation mechanisms in ZrB2 at the micro/nano scale?
Direct testing of grains: nanoindentation, micropillar compression, microcantilever bending
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Aims
to study the deformation of
ZrB2 grains during micropillar
compression

to reveal the effect of
anisotropy, temperature and
dislocations

to understand and model the
deformation mechanisms
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Experimental
MATERIAL
ZrB2
• Spark plasma sintered (SPS) and hot pressed (HP) polycrystalline zirconium diboride samples
• Two-step SPS: 1) pressure-less (5 Pa) at 1900°C for 20 mins, then → RT
2) with pressure of 16 MPa at 1700°C and → 60 MPa at 2100°C for 20 mins
• HP: a) pyrolysis at 800°C for 1h
b) pressure-less (13 Pa) → 1250°C, 2h hold → 1450°C, 2h hold → 1600°C, 1h hold
c) with pressure of 32 MPa → 1900°C for 45 mins → RT

ZrB2-SPS (sample #1)

ZrB2-HP (sample #2)

Prof. Mike Reece, Salvatore Grasso
Queen Mary University, London (UK)

Prof. William Fahrenholtz, Gregory Hilmas
Missouri University, Rolla (USA)
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• SEM – Area selection
SPS

HP
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• EBSD - Determination of crystal orientation
SPS

HP
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• EBSD - Determination of crystal orientation
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• Focused Ion Beam – pillar fabrication (SPS, HP)
a) basal (0001) orientation

Experimental
MATERIAL
ZrB2

METHODS
SEM
EBSD

FIB

• Focused Ion Beam – pillar fabrication from SPS and HP samples
a) basal (0001) orientation
b) prismatic (10-10) orientation
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• Focused Ion Beam – pillar fabrication from SPS and HP samples
a) basal (0001) orientation
b) prismatic (10-10) orientation

Experimental
MATERIAL
ZrB2

METHODS
SEM
EBSD

FIB

Micropillar
compression

• 1) Micropillar compression (ex-situ) – Agilent and CSIRO nanoindenters equipped with flatpunch diamond tips, at RT, load controlled system, constant load rate of 10-2 mN/s

Experimental
MATERIAL
ZrB2

METHODS
SEM
EBSD

FIB

Micropillar
compression

• 2) Micropillar compression (in-situ) – EMPA Nanoindenter equipped with a flat-punch tip, at RT,
350°C and 500°C, displacement controlled system, constant strain rate of 10-3

Experimental
MATERIAL
ZrB2

METHODS
SEM
EBSD

FIB

Micropillar
compression

• Study of deformed pillars, determination of dislocation densities

SEM
XRD, TEM
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Ex-situ micro-compression
• Deformation characteristics – room temperature, ZrB2-SPS sample

common at the macro scale

T. Csanádi et al.
J Eur Ceram Soc
36 (2016) 389-394

Ex-situ micro-compression
• Deformation characteristics – room temperature, ZrB2-SPS sample

unusual at the macro scale,
inherent plasticity??

T. Csanádi et al.
J Eur Ceram Soc
36 (2016) 389-394

Ex-situ micro-compression
• Deformation characteristics – RT, ZrB2-SPS sample
Basal orientation: brittle

Ex-situ micro-compression
• Deformation characteristics – RT, ZrB2-SPS sample
Basal orientation: brittle

Ex-situ micro-compression
• Deformation characteristics – RT, ZrB2-SPS sample
Basal orientation: brittle
Prismatic orientation: plastic!

single slip on the prismatic orientation

Ex-situ micro-compression
• Deformation characteristics – RT, ZrB2-SPS sample
Basal orientation: brittle
Prismatic orientation: plastic!

multiple slip on the prismatic orientation

Slip-activations at RT
• Slip system activation – RT, ZrB2-SPS sample

{10-10}<11-23>

T. Csanádi et al.
J Eur Ceram Soc
36 (2016) 389-394

Anisotropy
The effect of crystal anisotropy
Basal orientation: brittle, yield/rupture stress of ~14 GPa

Prismatic orientation: plastic! yield stress of ~6 GPa

{10-10}<11-23>
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In-situ micro-compression
• Deformation characteristics – basal orientation at RT, 350°C and 500°C, ZrB2-SPS sample

T. Csanádi et al.
Int J Refract Hard Mater
80 (2019) 270-276

In-situ micro-compression
• Deformation characteristics – basal
• Brittle behaviour even at elevated T
• Cracking along the axis of the pillar

In-situ micro-compression
•
•
•
•

Deformation characteristics – basal
Brittle behaviour even at elevated T
Cracking along the axis of the pillar
Cleavage on {10-10} and {2-1-10}
type prismatic planes
• No temperature dependence is
observed

In-situ micro-compression
• Deformation characteristics – prismatic orientation at RT, 350°C and 500°C, ZrB2-SPS sample

T. Csanádi et al.
Int J Refract Hard Mater
80 (2019) 270-276

In-situ micro-compression
• Deformation characteristics – prismatic
• Plastic behaviour at all tested T

In-situ micro-compression
• Deformation characteristics – prismatic
• Plastic behaviour at all tested T
• Activation of the {10-10}<11-23>
type slip systems at all tested T
• Cracking on the {2-1-10} type
prismatic planes

In-situ micro-compression
•
•
•
•
•

Deformation characteristics – prismatic
Plastic behaviour at all tested T
Activation of the {10-10}<11-23> type slip systems at all tested T
Cracking on the {2-1-10} type prismatic planes
Strong temperature dependence of yield stress
Micropillar compression

T. Csanádi et al. Int J Refract Hard Mater
80 (2019) 270-276

Macro-compression of single crystals

N.L. Okamoto et al. Mat Res Soc Symp Proc
753 (2003) BB2.9.1-6

Temperature
The effect of temperature
Basal orientation: brittle
no softening, σ ≈ 12 GPa at 500°C

Prismatic orientation: plastic!
significant softening
σ ≈ 7 GPa RT
σ ≈ 2 GPa at 500°C
{10-10}<11-23>
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Strengthening
ZrB2-HP

Strengthening
• Influence of processing:
1) increased strength
2) reduced deformability
3) stochastic yielding
ZrB2-SPS

ZrB2-SPS

ZrB2-HP

ZrB2-HP

ZrB2-HP

Strengthening
• Dislocation densities (ρ):
1) X-ray Line Profile Analysis (XLPA)

ZrB2-SPS

ρ=3·1013 m-2

ZrB2-HP

ρ=not possible

Dislocation densities
by XLPA

ZrB2-SPS

ZrB2-HP

Strengthening
• Dislocation densities (ρ):
1) XLPA
2) Kernel Average Misorientation
(KAM) analysis
ZrB2-SPS

ρ=3·1013 m-2

ZrB2-HP

ρ=not possible

Dislocation densities
by XLPA

Dislocation densities
by KAM analysis
Dislocation densities
by TEM

Dislocations
The effect of dislocations
„low” dislocation density (~1.6·1013 m-2):
- brittle
- high-strength
- stochastic event

„high” dislocation density (~6.6·1013 m-2):
- plastic
- lower-strength
- non-stochastic
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Dislocation nucleation
Yielding (onset of plasticity):
1) Nucleation → homogeneous: theoretical strength limit (τth), ~40 GPa for ZrB2 (nanoindentation)
→ heterogeneous: ~1/3 of τth ≈ 13 GPa for ZrB2 (micropillar compression)
2) Propagation of pre-existing dislocations: bulk flow limit

Different dominant mechanisms for plasticity
H. Bei et al. Scripta Mater 110 (2016) 48-52

Spherical indentation of Mo single crystal

Dislocation nucleation
Yielding (onset of plasticity):
1) Nucleation → homogeneous: theoretical strength limit (τth), ~40 GPa for ZrB2 (nanoindentation)
→ heterogeneous: ~1/3 of τth ≈ 13 GPa for ZrB2 (micropillar compression)
2) Propagation of pre-existing dislocations: bulk flow limit
Adoption to micropillar compression of ZrB2
• ZrB2-SPS: τCRSS ≈ 2 GPa (~6.6·1013 m-2)
• ZrB2-HP: τCRSS ≈ 2-6 GPa (~1.6·1013 m-2)
1) Thermal activation of dislocations

2) Triggering pre-existing dislocations

Cumulative probability distribution function (f)
Spherical indentation of Mo single crystal

Dislocation nucleation
Yielding (onset of plasticity):
1) Nucleation → homogeneous: theoretical strength limit (τth), ~40 GPa for ZrB2 (nanoindentation)
→ heterogeneous: ~1/3 of τth ≈ 13 GPa for ZrB2 (micropillar compression)
2) Propagation of pre-existing dislocations: bulk flow limit
Adoption to micropillar compression of ZrB2
• ZrB2-SPS: τCRSS ≈ 2 GPa (~6.6·1013 m-2)

τCRSS for f=10% and f=90%

• ZrB2-HP: τCRSS ≈ 2-6 GPa (~1.6·1013 m-2)
1) Thermal activation of dislocations
f=10%
2) Triggering pre-existing dislocations

Cumulative probability distribution function (f)

f=90%
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Summary
Anisotropic deformation behaviour of ZrB2 ceramic grains were
investigated by micropillar compression up to 500°C in SPS and HP
samples.
The most significant factor on the orientation dependence of the yield and
rupture stress is the Φ tilt angle from the basal towards the prismatic
direction. In both of the ZrB2 investigated, the basal pillars exhibited brittle
behaviour.
In prismatic orientation, the {10-10}<11-23> type slip systems were
identified during micro-compression both at RT, 350°C and 500°C. The
corresponding critical resolved shear stress showed a considerable
decrease with increasing temperature.
The strength of ZrB2 grains increases and its deformability decrease with
decreasing pre-existing dislocation density.
A statistical dislocation nucleation model was adopted for micropillar
compression which successfully explains the stochastic nature of different
ZrB2 samples caused by their different dislocation densities.
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